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Within electric propulsion, Hall-eect thrusters are an attractive alternative to
chemical propulsion for low-thrust applications. The applied magnetic eld in Hall
thrusters is a relevant part of the design process, on which studies are conducted for
erosion reduction, among others.
The present thesis is focused on the magnetic topology of next generation Hall-
eect thrusters. A magnetostatics simulation tool for axisymmetric problems is
developed on the basis of the Finite Element Method Magnetics solver, with which
it is possible to attain dierent topographies, as the so known as singular-point and,
within Erosion Reduction Strategies (ERS), the magnetic shielding. In addition,
the tool allows for the launching of several simulations in series (a batch), in which
dierent parameters may be modied from one case to the next.
In the line of the development of magnetic circuits, a parametric study on coil
design is performed, revealing the parameters necessary to full geometric and elec-
tric current constraints on coils. The analysis allows for the design of a circuit
feasible to be manufactured if properly translated from the axisymmetric model to
a three-dimensional geometry, furthermore with the possibility of mass or power
optimisation.
Finally, a scaling process on the basis of an existing device is performed to design
a low-power Hall thruster, of which main design parameters, and, building on them,
a suitable magnetic circuit, are obtained.
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Electric propulsion is an irrefutably growing alternative to chemical rockets in the
eld of in-space propulsion. The increased eciency and the rising availability of
electrical power aboard spacecraft make electric propulsion a feasible and attractive
choice for low-thrust applications. The appropriate design and simulation of the
magnetic eld is an essential piece for certain types of electric propulsion thrusters,
and might eventually lead to a change of paradigm if sucient power is attained on
board (e.g. through the use of nuclear power sources).
The present thesis is focused on the modelling of magnetic topographies for
next generation electric propulsion (EP), paying particular attention to Hall-eect
thrusters (HETs). In addition, scaling laws will be analysed and a small HET will
be scaled down from an existing thruster.
In this preliminary chapter, the reader will understand the basics of EP and
HETs. Furthermore, the scope and objectives of the project will be addressed.
1.1 Electric Propulsion
Chemical propulsion has powered spacecraft since the beginning of astronautics.
Nonetheless, the low eciency and energy limit of combustion rockets triggered the
search for alternative power sources.
Within non-chemical technologies, electric propulsion is a class of space propul-
sion that takes advantage of electric and/or magnetic elds to produce thrust. The
outcome is a much higher mass eciency and an extensive service life (in the range
of tens of thousands of hours) in detriment of produced thrust, which is incompara-
ble to that obtained through chemical means. The amount of thrust produced by an
EP thruster is bounded by the available electric power on board of the spacecraft,
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given that electric propulsion is power-limited, and not energy-limited as chemical
propulsion is. Thence the traditional scheme of using chemical rockets for high-
thrust applications and electric propulsion otherwise.
Throughout the 20th century, starting o with the SERT-1 in 1964 [5], electric
propulsion has been studied in depth, leading to the use of hundreds of thrusters in
dierent spacecraft. They have proven to outperform chemical propulsion regard-
ing operating life and propellant usage for low-thrust applications, primarily space
scientic missions (as EURECA [6], Deep Space 1 [7] or GOCE [8] among many
others), and station-keeping of communications satellites, for instance from Telstar,
Eutelsat and Deimos Imaging.
1.1.1 Rationale of electric thrusters
The performance of space propulsion systems is mainly assessed in terms of thrust
and specic impulse. These parameters will be analysed for EP thrusters and com-
pared to chemical propulsion systems.
From the formal denition of thrust
F = _mue (1.1)








where _m is the mass ow exiting the thruster (coincident with propellant mass ow,
_mp), ue is the exhaust velocity of the ions and g0 is Earth's gravitational acceleration
at standard mean sea level, which is included for historical reasons, giving specic
impulse in seconds.
Whilst thrust requirements may depend on the characteristics of the mission, a
high specic impulse is always a desirable feature in space propulsion. This is easily









where mi is the initial (total) mass, mf is the nal (payload) mass, V is the total
velocity cost of the mission and the specic impulse is introduced in seconds. For a
given V , required by the mission, it is straightforward to notice that the required
propellant mass decreases exponentially with the specic impulse. For this reason,
the high specic impulse of EP thrusters provides them with a much better mass
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eciency than the chemical option. This is exemplied in Table 1.1, which collects,
among other parameters, the typical specic impulse range for various thrusters.
The superior specic impulse of EP thrusters is given by the huge exhaust ve-
locity attained. Conservation of energy for a single ion being accelerated through






where q and M are the ion charge and mass, respectively. As an example, consider
xenon as propellant, with an atomic mass of M = 131:29 u, singly ionised (i.e. q = e)
and being accelerated through a voltage drop of V = 1500 V . Correspondingly,
ue  46950 m=s, assuming a uniform ion exhaust velocity. Thence, from (1.2), the
resultant specic impulse would be Isp  4790 s. Nonetheless, many complicated
mechanisms and sources of ineciency are present in current thrusters, limiting
these gures to that shown in Table 1.1.
On the other hand, chemical propulsion is energy-limited so the exhaust velocity
is bounded. In addition, the maximum achievable temperature in the combustion
chamber is limited by the thermal endurance of the materials used, restricting fur-
ther the exhaust velocity. Small bi-propellant chemical thrusters typically exhaust
at 2500   3500 m=s, thence the order of magnitude of dierence in Isp between
electric thrusters and the latter.
With regard to thrust, EP thrusters are limited by the electrical power that can
be supplied to the system, being unable to compete with chemical propulsion for
high-thrust operation. A simple expression for thrust in electric thrusters can be
obtained from the product of ion mass ow and exhaust ion velocity. The former is





Thence, assuming that the exhaust is fully ionised and that the contribution of








As an illustration, considering singly-ionised xenon and a voltage of V = 1500 V
as previously, the resultant thrust for a typical ion beam current of Ib = 2 A is
F  127:8 mN . Again, this gure is merely theoretical; the actual thrust would
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typically be smaller than 100 mN in these conditions.
As aforementioned, in reality, the resulting specic impulse and thrust of the
previous hypothetical thruster would be smaller, given that the divergence of the
exhaust and the presence of multiply-ionised species is not accounted for in the pre-
vious analyses. Besides, the presence of additional power-requiring elements that
do not contribute to thrust produce a further reduction of thruster eciency. In
short, beam divergence, mass-utilisation eciency and electrical eciency degrade
the performance (see [4] for further details on thruster eciency).
Considering all the aforementioned, the advantage of EP is evident for long-
range missions (i.e. requiring a large V ), allowing for a much greater payload
mass fraction than chemical thrusters. The small thrust provided increases the
duration, but prompt accomplishment is typically not a strong requirement in deep-
space missions. As a matter of fact, the extended lifespan and low level of thrust of
electric thrusters are a highly valuable asset for station-keeping and certain orbital
manoeuvres, eciently granting an accurate orbit control for long periods of time.
Nonetheless, it should be kept in mind that EP is currently not an option for
high-thrust missions or manoeuvres. Furthermore, its operation is limited to in-
space applications, given that electric thrusters can only work in vacuum conditions.
1.1.2 Classication of EP systems
Electric propulsion thrusters encompass any non-chemical device that provides thrust
through electric and/or magnetic means. These systems can be broken down into
three main types according to the source of acceleration of the propellant:
 Electrothermal: the gas is heated in the chamber by means of electric power.
A nozzle located downstream expands the uid and accelerates it towards
the exit, providing thrust. Prominent within this category are the Resistojet
and the Arcjet. The former relies on the ow of current through an electric
resistance for the provision of thermal energy, whereas in the Arcjet a high
voltage dierence induces a high current arc through the gas to heat it up.
Note that ionisation in the latter occurs weakly so that plasma eects are
insignicant [4].
 Electrostatic: propellant ionisation is provoked to generate plasma and then
accelerate it to high exhaust velocities by means of a cathode-anode pair induc-
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ing a voltage dierence. Notable devices included in this class of EP systems
are Ion and Hall-eect thrusters. Although Ion thrusters feature the highest
eciency and specic impulse, Hall ones provide a larger thrust at a given
power and entail less complexity.
 Electromagnetic: the propellant is ionised into plasma for Lorentz forces to
accelerate it towards the exit. Noteworthy among these devices are the Pulsed
Plasma Thruster (PPT) and the Magnetoplasmadynamic (MPD) thruster.
The latter operate at very high powers to achieve high specic impulse, thence
providing a higher thrust as compared to the previous devices.
A comparison of specic impulse and other parameters for the aforementioned




impulse [s] power [kW] range
Cold gas 50-75 | | Various
Chemical (mono-propellant) 150-225 | | N2H4, H2O2
Chemical (bi-propellant) 300-450 | | Various
Resistojet 300 0.5-1 65-90 N2H4
Arcjet 500-600 0.9-2.2 25-45 N2H4
Ion thruster 2500-3600 0.4-4.3 40-80 Xenon
Hall thruster 1500-2000 1.5-4.5 35-60 Xenon
Pulsed plasma thruster 850-1200 < 0.2 7-13 Xenon
Table 1.1: Typical operating parameters of dierent types of thrusters. Source: [4]
1.1.3 Hall-eect thrusters
Classied as electrostatic or electromagnetic propulsion systems, HETs are a type
of EP thruster that relies on both electric and magnetic elds to produce thrust. In
order to explain the operating principles of the Hall plasma thruster, it is convenient
to dene its components in the rst place. The typical annular conguration, which
is schematically depicted in Fig. 1.1, consists mainly of the following:
 Propellant: heavy, neutral gas, typically xenon, which is converted into plasma,
accelerated and exhausted to produce thrust.
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 Discharge channel: (annular) region in which the propellant is ionised and
through which the resulting plasma streams. The walls of the channel are
typically covered, for protection, in a dielectric ceramic material, whose erosion
determines the lifespan of the thruster.
 Hollow cathode: electron gun which discharges to the plasma and acts as the
cathode of the electric circuit.
 Anode: counterpart of the latter. Besides, the propellant is injected into the
discharge channel through small holes in it.
 Magnetic circuit: combination of elements generating the applied magnetic
eld.
Figure 1.1: Basic components of a Hall-eect thruster. Source: Komurasaki & Koizumi
Laboratory, Department of Aeronautics and Astronautics, The University of Tokyo
The working principle of the Hall thruster is to be explained now. The HET
relies on two main mechanisms to operate. In the rst place, the cathode gun
res electrons, which, under a potential bias provided by the power supply, ionise
the propellant upon energetic collisions in their way towards the anode. On the
other hand, the magnetic circuit imposes an essentially radial magnetic eld of low
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intensity, which is able to conne the electrons but has a negligible eect on the
ions.
The superposition of the axial electric eld | carried by the plasma itself and
induced by the cathode-anode pair | and the applied radial magnetic eld cause
the electrons to suer a so called ExB drift in the azimuthal direction, becoming
trapped in a closed drift and generating a Hall current, after which the thruster is
named. Thence, the magnetic eld is responsible for impeding the motion of the
electrons towards the anode, preventing the short-circuiting of the electric system
and improving the ionisation eciency, as the residence time of the electrons on
their way from the cathode to the anode is greatly increased, allowing for more
chances of ionising collisions to occur. On the other hand, the electric eld is
responsible for accelerating ions in the plasma axially towards the exit, generating
thrust. The Lorentz force from the interaction between the beam current density
and the magnetic eld, known as JxB, is the coupling mechanism through which
thrust is transmitted.
For the purpose of maintaining a neutral charge both in the spacecraft and in the
jetted propellant cloud, a fraction of the electrons discharged through the cathode
gun travels towards the exhaust, accompanying the ions and neutralizing the thrust
beam.
Finally, it should be noted that the plasma-wall interaction is crucial in HETs,
given that erosion and heat ux are determined by the energy of particles reaching
the wall, which is aected by the plasma sheath, a boundary layer that appears at
the walls of the discharge channel. In the end, the interaction with the walls is a
source of ineciency and is directly linked to the service life of the thruster.
A wrap-up of the dierent mechanisms involved in the operation of Hall thrusters
is provided in Fig. 1.2.
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Figure 1.2: Schematic summary of HET operating principles. Source: NOMADS - Ad-
vanced Simulation Tools for next generation Hall-Eect Plasma Thrusters, Daniel Perez
Grande, Space Propulsion and Plasmas research group, Universidad Carlos III de Madrid
1.2 State of the art
Hall-eect thrusters are being increasingly used for telecommunications and scientic
missions with medium-high V .
The PPS R 1350-G is a 1.5 kW, high-Isp Hall thruster designed for orbital trans-
fer and satellite/spacecraft control developed by Safran Aircraft Engines (formerly
Snecma). Apart from being the main propulsion source on ESA's SMART-1 (Fig.
1.3a) lunar probe, the PPS 1350-G thruster is used by Alphasat | the rst satellite
of the Alphabus platform developed by Airbus Defence and Space and Thales Alenia
Space (Fig. 1.3b) | for north/south station-keeping [9].
8
(a) Artist's impression of the SMART-1 mis-
sion. Source: ESA
(b) Artist's impression of the Alphasat.
Source: ESA
Figure 1.3: Examples of spacecraft using the PPS R 1350-G Hall thruster
The future of communications satellites and deep-space missions certainly in-
volves HETs. The PPS R 5000 is a 5 kW Hall thruster, currently under development
by Safran, selected for the all-electric versions of the Eurostar 3000 (Airbus Defence
and Space) and Spacebus (Thales Alenia Space), within ESA's Neosat project (next-
generation satellite platforms) [10]. Many other future telecom satellites are planned
to incorporate Hall thrusters for orbital positioning and/or station-keeping.
Regarding scientic space missions, within design trends for next-generation Hall
thrusters, one of the main concerns is to extend the operating life. Within the so
called Erosion Reduction Strategies (ERS), an approach is the magnetic shielding,
which will be later explained and analysed in further detail. This tendency is ex-
emplied by the 12.5 kW thruster HERMeS (Hall Eect Rocket with Magnetic
Shielding) developed in collaboration by the NASA Glenn Research Center and the
Jet Propulsion Laboratory to serve the Asteroid Redirect Mission (ARM), which
has a nominal lifetime of 50,000 h and 3000 s specic impulse [11].
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Figure 1.4: HERMeS prototype thruster being tested at NASA's Glenn Research Center.
Source: NASA
The development of Hall thrusters is an ongoing activity, carried out by several
groups of dierent institutions around the world. New challenges will be brought
by the possibility of an increased available power on board of spacecraft, together
with the research and experimentation on Hall-derived devices (nested Hall thruster,
cusps thruster, cylindrical Hall thruster, etc.). These next-generation devices may
have noteworthy advantages with respect to conventional Hall thrusters. The present
project lies within the push towards the characterisation and improvement of the
aforementioned thrusters, being framed in the CHEOPS European project, within
Horizon 2020, and will help the Space Propulsion and Plasmas research group at
UC3M in their contribution to the project.
1.3 Problem statement
The design of an EP plasma thruster is an intricate and iterative process. To attain
the desired characteristics of this type of device, i.e. the required performance
parameters, it is necessary to have an understanding of the physics of the plasma
streaming through it, and utterly useful to have the capability of simulating it.
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Design parameters in the plasma thruster problem include, fundamentally, the
geometry of the thruster, the power input to the electric and magnetic circuits, the
operating propellant mass ow and the applied magnetic eld. The latter is intrinsic
to the geometry of the magnetic circuit, which, in addition, practically determines
the geometry of the entire thruster.
Plasma physics equations can be solved in the corresponding domain (the thruster
discharge channel) once the previous data are known. Nonetheless, achieving the
applied magnetic eld that results in the adequate physics (i.e. those providing the
required performance) is a complex issue, rendering it an inverse problem. In the
end, the magnetic eld is an input for the plasma physics to be solved, as outlined
in Fig. 1.5. Furthermore, designing the magnetic circuit that generates the target
eld is not straightforward. Therefore, attaining the appropriate combination of
elements is an iterative process, driven by engineering intuition and supported by
an adequate magnetics simulation tool.
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Design
Geometry Mass ow Power Magnetic eld design
Physics
Performance
Specic impulse EciencyThrust Lifespan
Figure 1.5: Ideal schematic of EP thruster development
1.4 Scope and objectives
The work performed for the present project involves the design and simulation of
magnetic circuits for next-generation Hall-eect thrusters, encompassing an analysis
of the elements available and their inuence on the magnetic eld, and, further, the
attainment of magnetic topographies relevant for study. For this purpose, the author
will develop a tool to implement and simulate various congurations.
Simultaneously, a study will be performed on the feasibility of coil parameters
and their impact on mass and power required to provide a certain magnetic eld.





Electric thrusters, particularly Hall-eect devices, are ultimately devoted to space-
related projects, in general for communications or scientic applications. In any
mission, it is necessary to take outer-space law into account and to act in accordance
with the dierent established rules and treaties.
With regard to the work developed by the author under the scope of the present
thesis, there is no particular legislation applicable. Any possible use or future con-
tribution of this project to a space-related activity must adhere to the space law,
which will be introduced.
The main institution regulating space activities is the United Nations Oce for
Outer Space Aairs (UNOOSA). Space law addresses a wide variety of issues related
to exploration, preservation of space and planets, liability for accidents, astronaut
rescue, etc.
Nowadays, a relevant concern related to the preservation of the Earth environ-
ment is the removal of space debris. The space debris, dened by the UNOOSA as
all man-made objects, including fragments and elements thereof, in Earth orbit or
re-entering the atmosphere, that are non-functional, is a risk to spacecraft in Earth
orbit, given that typically travel at velocities in the order of several kilometres per
second. ST/SPACE/61 establishes guidelines towards the reduction of space debris,
which include collision avoidance measures and limitation of long-term presence in
LEO (low-Earth orbit), among others. All legislation can be consulted at [12].
1.6 Contents of this document
Heretofore, an introduction to electric propulsion and Hall thrusters has been pro-
vided, framing the work and scope of the thesis within them.
In the next chapter, the methods and software used to accomplish the aforemen-
tioned objectives will be described.
Afterwards, the progress towards the attainment of results will be detailed, and
the latter will be discussed.
Finally, a socio-economic analysis will be provided before presenting conclusions





As explained in Sec. 1.3, the use of an appropriate simulation code is fundamental
to accomplish the aforementioned objectives. Throughout the present project, the
author has developed a tool to implement magnetic circuits and obtain the cor-
responding magnetic eld characteristics, providing the ability to simulate specic
geometries and to do parametric studies by running batches of cases. The code,
which is written in MATLAB R, encompasses the implementation of the problem
and post-processing tasks, whereas pre-processing and the solution are accomplished
by launching the open-source nite-element-method electromagnetics solver FEMM
(Finite Element Method Magnetics) [13] through the MATLAB toolbox called Oc-
taveFEMM, included in the FEMM source.
In the present chapter, the fundamentals of the Finite Element Method (FEM)
will be covered rst to introduce afterwards the solver used (FEMM). Finally, the
tool developed by the author will be detailed, addressing its functionality and capa-
bilities.
2.1 The Finite Element Method
Within many elds of Engineering and Physics, it is common to encounter problems
that, due to the complexity of the domain studied or of the equations to be solved,
are impractical or impossible to resolve analytically. In such cases, it is usually a
better approach to break down the case into several but simpler small problems.
This is the foundation of the Finite Element Method (FEM).
The FEM relies on the discretisation of the domain into simple, small parts |
called elements | at whose junctions | the nodes | the problem is to be solved
as a system of algebraic equations, yielding approximate values of the unknown
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variables. Thence, with the use of interpolation, the parameters are known at any
point in the studied space. Evidently, the precision of the method increases with
the number of elements used and the order of interpolation.
Figure 2.1: Schematic of a FEM mesh, formed by elements and nodes. Source: [1]
2.2 FEMM
Finite Element Method Magnetics is a numerical solver that takes advantage of
the FEM to solve Maxwell's equations on planar two-dimensional and axisymmetric
domains, dealing with magnetic, electrostatic, and current ow problems (heat ow
is also addressed given its analogy with electrostatics). As far as the present project
is concerned, only the magnetostatics part will be described, as FEMM is used
within the author tool to solve the steady magnetic eld generated by a certain
circuit.
The general form of the well-known Maxwell's equations is
r D =  (2.1)








where  is the electric charge density, J is the electric current density, D is the
displacement eld, E is the electric eld, B is the magnetic eld and H is the
magnetising eld(1). Considering no electric eld and steady conditions, Maxwell's
equations yield the magnetostatics problem
r B = 0 (2.5)
rH = J (2.6)
to which the constitutive relation between B and H elds, the magnetic permeability
, must be added
B = H (2.7)






The approach followed by Meeker [14] | FEMM's author | is to nd a magnetic
eld that fulls the former equations through the magnetic vector potential, A,
dened to satisfy
B = rA (2.9)








Retrieving B and H elds then reduces to dierentiating the vector potential once
it is known.
Boundary conditions available in FEMM include Dirichlet, Neumann, Robin,
periodic and antiperiodic (see [14] for further details).
Given the specied problem, the solution (i.e. the vector potential distribution
A) is found through the discretisation of the domain into triangular elements and
subsequent linear interpolation of the values at the vertices of the triangle.
(1)Given the absence of a convention in naming B and H, they will be simply referred to as
magnetic B-eld and H-eld, respectively.
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2.3 Brief introduction to MATLAB
MATLAB R is a high-level-language numerical platform devoted to computational
mathematics, being a registered trademark of The Mathworks Inc. Based on matrix
objects, it is optimised for engineering and scientic problems. It contains plenty
of toolboxes to interact with other software, built-in functions and documentation.
MATLAB is used worldwide in dierent elds to analyse data, develop algorithms,
create models, run simulations, manage graphics, etc.
2.4 Output format: HDF5
As detailed in Sec. 2.5.5, the results of the code can be exported in HDF5 format.
HDF5 is a exible and ecient le extension designed for input/output management.
The tool is adapted to the HYPHEN I/O standard through the use of HDF5
les to store data.
2.5 Tool developed by the author
In this section, the code used to design and simulate magnetic circuits will be de-
scribed in detail, indicating which functions are developed or which are included in
FEMM (but still used from MATLAB).
Consistently with the FEM, the attainment of the magnetic eld involves pre-
processing | including geometry generation, assignment of properties, boundary
denition and meshing | and solving. As aforementioned, once the solution is
retrieved, post-processing is performed within the author's code.
2.5.1 Pre-processing
All pre-processing activities are included in the MATLAB code and automatically




The shape and dimensions of the elements composing the circuit are dened in the
rst place. Given that the tool is prepared to deal only with 2D axisymmetric do-
mains, the elements are typically represented as rectangles, but any closed shape
can be managed.
Element properties
The components in the magnetic circuit can be classied into passive (ferromagnetic
and permanent magnets) and active (coils). The main features to be assigned to the
elements are the material and, in the case of a coil, the number of turns, N , and the
current intensity, I, passing through it. Note that the magnetic eld generated by
a coil is dependent upon the eective coil current intensity, Ieff = NI.
Material properties and wire types included in FEMM can be used and assigned
to elements directly from MATLAB. The solver includes an ample library containing
dierent classes of permanent magnets, pure iron, steels, other metals, copper and
aluminium wires, etc. Magnetic saturation is accounted for in FEMM and some
non-linear magnetic materials are included. Furthermore, it allows for user-dened
materials.
Finally, it should be noted that vacuum cannot be explicitly set in FEMM. In-
stead, air is used, given that its relative magnetic permeability is practically the unity
(r;air = 1:00000037 [15]).
Boundary conditions
For the purpose of simulating Hall-eect thrusters, advantage will be taken from the
axial symmetry of the typical congurations. Given the solving approach used by
FEMM, a unique solution is obtained with no need of explicitly dening boundary
conditions in axisymmetric problems. This is accomplished by enforcing null mag-
netic vector potential on the axis of symmetry (Ar=0 = 0), and, unless specied
otherwise, imposing an Asymptotic Boundary Condition (ABC) at the limits of the
domain, which closely approximates the unbounded solution for a suciently large
boundary radius [14]. Nonetheless, for this to work, at least part of the boundary
of the problem must lie on r = 0 as well.
The tool is designed to use BCs by default in the solver (those aforementioned).
In any case, the boundaries of the problem must be dened. Thence, locating the
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reference frame at the axis of symmetry of the thruster with the axial coordinate
z = 0 at the exit of the discharge channel, the domain for the simulations is selected
to be enclosed by a semicircle located at the origin of the reference frame with radius
5Rt, being Rt the radial span of the thruster.
Meshing
FEMM includes a built-in mesher called Triangle, which creates a grid based on
triangular elements. The mesh size cannot be directly specied, but, if not using
the automatic mode, elements can be controlled through dening the maximum
triangle side length that any element may have.
The code is arranged so that results are interpolated from the FEMM mesh to
a user-dened results mesh. Note that a factor can be input to ensure that the
elements in the Triangle mesh are smaller, for interpolation to be accurate. If the
automatic Triangle mesher is not opted, the maximum FEMM element length will be
dened as the minimum element length in the results mesh divided by the mentioned
factor. To ensure appropriate results in the region of interest, this is applied to a
zone around the thruster extending axially  Lt  z  2Rt (with z = 0 at the exit
of the discharge channel) and radially 0  r  2Rt, entailing a ne mesh as dened
by the user. In the remaining vacuum (air) zone the automatic mesher is used, as
illustrated in the example shown in Fig. 2.2.
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Figure 2.2: Mesh used in the solver, containing smaller elements in the region closer
to the thruster and in the plasma plume to ensure accuracy where relevant. Note that
coordinates are inverted with respect to the results mesh; here r is the horizontal axis and
z the vertical one.
2.5.2 Solving
Given the permeability and current intensity distributions | introduced by the
geometry and properties of the elements |, FEMM is able to solve eq. (2.10)
through the Finite Element Method. The dierentiation to retrieve the distributions
of the axial and radial components of the magnetic eld, Bz and Br respectively,
is directly performed by the solver. Furthermore, in case of using active magnetic
elements (coils), it is possible to capture the current intensity (actually an input)
and voltage (computed by FEMM) through each of the coils, which is fundamental
to obtain the input power of the magnetic circuit, Pmag, a relevant parameter of the
thruster.
2.5.3 Post-processing
The computation of relevant magnetic parameters is directly performed in MATLAB
from the aforementioned results given by FEMM.
In the rst place, the distribution of the modulus of the magnetic eld (or mag-





jBzj2 + jBrj2 (2.11)
Secondly, attaining the distribution of the magnetic coordinates  and  | the
magnetic stream function and magnetic potential, respectively |, is fundamental
for generating Magnetic Field Aligned Meshes (MFAM), which are used to reduce
numerical diusion errors when integrating the physics of anisotropic plasma medi-
ums (out of the scope of this project). In particular, the contours of the magnetic
stream function are the streamlines of B, which follow the local direction of the
eld and compose the magnetic topography of the thruster. Furthermore, the 
distribution provides the magnetic equipotential contours, which are normal to eld
streamlines, representing the direction perpendicular to the magnetic eld.
Analogously to the uid dynamics Stokes stream function in axisymmetric in-
compressible ows, the magnetic stream function in cylindrical coordinates is dened
to full Gauss' law for magnetism






On the other hand, approximating the magnetic eld as irrotational | which is a
good approach if the magnetic eld induced by the plasma in the discharge is small
compared to the applied eld, as typically occurs |, B can be dened in function of
the gradient of a scalar, the magnetic potential. This is analogous to the potential
ow theory in uid dynamics






given that the curl of the gradient of a scalar function is always null, r (r) = 0.
With the aim of attaining the ,  distributions, the nite dierence method
(FDM) is applied within the (user-dened) results mesh, at whose nodes the axial
and radial magnetic eld are known from interpolation of the FEMM mesh. Given
that their relevance lies on the contours, i.e. on the variation of magnitude between
dierent points in space, it is possible to dene arbitrary values at a certain node
and integrate the variables in space from it. Thence, the values of  and  at node
n are computed from the ones at the previous node, n   1, according to the nite
dierence scheme






















where z = zn   zn 1 and r = rn   rn 1, referring to the nodes in the results
mesh. The nite dierence derivatives are set as the average value of the variable









representing f any of  and , and x any of z and r. This is a rst-order method,
and is limited in accuracy by the relative size of the elements, being considered valid
for the meshes to be implemented and the use it may be put to.
Considering the previous FDM scheme, one nally nds
n = n 1 + (zn   zn 1) rnBr;n + rn 1Br;n 1
2
 
  (rn   rn 1) rnBz;n + rn 1Bz;n 1
2
n = n 1 + (zn   zn 1) Bz;n +Bz;n 1
2
+
+ (rn   rn 1) Br;n +Br;n 1
2
(2.16)
In consistency with the aforementioned,  = 0 and  = 0 are arbitrarily as-
signed at the node closest to the mean radius of the discharge channel and with the
minimum axial coordinate of the results mesh (the axially-innermost point). From
this node, the variables are integrated along the entire mean line of the channel.
Afterwards, the algorithm advances radially outwards and inwards in two separate
processes to nally cover the complete domain. The integration method is schemat-
ically depicted in Fig. 2.3.
23
Figure 2.3: Schematic of the FDM algorithm used, where f represents the variable to
be integrated (either  or ). First, the mean line is obtained, from f0 to fk. Next,
integration follows radially, from f0 to fm and then from f0 to fn. The (radial) process is
repeated for all nodes in the mean line, thence reaching the entire domain.
The rationale for using this algorithm, instead of simply integrating row by row
or column by column for instance, is to avoid integration at nodes in the discharge
channel | which is the region of most interest | from nodes within a ferromagnetic
material, at which magnetic coordinates have higher gradients, due to larger values
of the magnetic eld intensity. Integration at the rst node in a vacuum located
right after a ferromagnetic region might lead to discontinuities in the magnetic co-
ordinates within the domain, which are inadmissible for posterior meshing of the
MFAM. By means of the aforementioned approach, since the algorithm advances
from the mean line of the discharge channel, variables at all nodes in it will be pre-
vented from having inadmissible errors.
Finally, it is possible to assess the cost of the magnetic characteristics obtained.
Computing the input power to the magnetic circuit is straightforward from the
current intensity and voltage of each coil, Icoil and Vcoil respectively, given by the
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2.5.4 Functionality and capabilities of the tool
The author will aid the Space Propulsion and Plasmas team at Universidad Carlos
III de Madrid (UC3M) in their research, providing the team with a exible tool by
means of which they can obtain the topography and magnetic characteristics of any
type of thruster, not only of HETs. Thence, the code developed, explained in the
previous sections, is able to deal with congurations dierent than those of a typical
annular Hall thruster. Nonetheless, the functionality of the tool is geometrically
limited to axisymmetric domains.
Furthermore, the tool will work along with the so called HYPHEN (HYbrid
Plasma-thruster Holistic-simulation ENvironment), a platform developed by the re-
search group which is devoted to the simulation of the plasma discharge in the near
plume of electromagnetic thrusters.
The code is structured in order that the user can set a reference case, from which
various simulations may be launched. In the former, the user denes the geometry
of the discharge channel and all the elements composing the magnetic circuit to be
modelled, including all parameters required. On the basis of the reference case, it
is then possible to modify specic properties of dierent elements and simulate the
new particular case, with no need of dening an entire magnetic circuit again.
The manipulation of certain parameters diering from the reference case allows
for launching a series of simulations | a batch of cases | automatically. The
author's tool is prepared to run two dierent types of sequences:
 Simultaneous: the user denes a vector for each property of each element to
be changed, containing the values to be updated (all vectors must have equal
length). Every new case in the batch is generated from the modication of the
corresponding parameters following the sequence specied in their vectors. In
other words, it is possible to modify any number of properties of any number
of elements at the same time in each simulation, so that the total number of
cases in the batch will be determined exclusively by the length of the mentioned
vectors.
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 Progressive: similarly, a vector with the new values of each parameter are
dened by the user, but equal length is not a requirement. In this sequence,
cases are generated following the order in which the vectors are introduced,
implementing one new modication at a time, thence advancing element by
element and property by property within each of the former. The last value of
each parameter modied is therefore kept for subsequent cases in the batch.
As an illustration, consider that the user desires to modify parameters a and
b with respect to a reference case already implemented (with aref , bref ). Then,
dierent values for each parameter may be given, with modication vectors a =
fa1; a2; :::; amg and b = fb1; b2; :::; bng. If the simultaneous batch option is opted, in
which case it is necessary that m = n, then n cases will be simulated automatically
in series. Every case k | with k = 1; 2; :::; n|, will dier from the reference case
both in that a = ak and b = bk (instead of a = aref and b = bref ).
On the other hand, if a progressive batch is commanded, the sequence will consist
of m + n cases. In the rst m, every case k | with k = 1; 2; :::;m |, will diverge
from the reference case only regarding the rst parameter, that is a = ak instead
of a = aref . Afterwards, in the remaining n simulations, every case l | with
l = m;m+ 1; :::;m+ n |, will dier in the second parameter, i.e. b = bk instead of
b = bref , in addition to maintaining the last change in the rst one (a = am) for all
l cases.
2.5.5 Code I/O





Illustration of the elements
composing the magnetic circuit
Magnetic eld intensity, jBj
- Contours gure
- Distribution (values at nodes in
results mesh) in HDF5 le (optional)
Magnetic stream function, 
- Contours gure
- Distribution (values at nodes in
results mesh) in HDF5 le (optional)
Magnetic potential, 
- Contours gure
- Distribution (values at nodes in
results mesh) in HDF5 le (optional)
Power requirement
- Electric power needed by each coil
- Total power input, Pmag





- Elements (geometry and properties)
Particular case (single or batch)
- Channel modications
- Element modications
Results mesh limits fzmin; zmax; rmin; rmaxg
Triangle automatic mesher Yes / No
Results mesh size (number of elements) fnz; nrg
Solver mesh | results mesh factor f =
lmin;results
lmax;FEMM
Number of  streamlines nstrl
Number of jBj,  contours ncont
Case name Label used in naming output les
Write output les (gures and HDF5) Yes/No
Output gures le format .png, .epsc, etc.




Study on magnetostatics of
Hall-eect thrusters
With the tool developed, the author is capable of modelling dierent circuits and
simulate the corresponding magnetic characteristics. In this chapter, results corre-
sponding to the objectives described in Sec. 1.4 will be presented and discussed.
3.1 Magnetic elements
The magnetic circuit in the typical annular conguration of HETs consists of the
components schematically depicted in Fig. 3.1.
The inner and outer coils are responsible for generating the magnetic eld. On
the other hand, internal and external trim coils are used to manage in a further
controlled way the magnetic topography of the thruster.
The ferromagnetic casing of the thruster provides guidance to the magnetic
streamlines and encloses the discharge channel. It is normally composed of inner
front pole, outer front pole, inner core, outer ux guide and back pole. In partic-
ular, the front poles are important to attain a mainly radial magnetic eld in the
discharge.
Finally, ferromagnetic screens (inner and outer) provide shielding to the discharge
channel, eectively reducing the eld intensity and axially curving the streamlines
inside. This will become apparent when dealing with magnetic shielding topogra-
phies [16] in Sec. 3.6.
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Figure 3.1: Cross-sectional schematic of typical magnetic elements in a Hall thruster.
Source: [2]
3.2 Pre-reference case (virtual coils)
For the purpose of performing dierent simulations, it is convenient to build on the
basis of a reference magnetic circuit, as explained in Sec. 2.5.4. The fundamental
magnetic topography | over which modications will be made to achieve new elds
| is sought to be similar to that of the SPT-100 thruster, i.e. eminently radial at the
channel and with a maximum magnetic eld intensity of jBjmax  250 G = 0:025 T
in the plasma discharge [17].
To attain the geometry and properties of the magnetic circuit producing the
mentioned characteristics, it was necessary to carry out several simulations and
work on a trial-and-error basis. It should be noted that whether active elements
(coils) are actually feasible to be built and used is not yet taken into consideration
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(see Sec. 3.3), for which they will be denoted as \virtual". Furthermore, to model
the eect of the (non-annular) outer coils, which are typically four in a HET, a single
annular outer coil will be used, matching the axial symmetry of the problem.
The resulting model is shown in Fig. 3.2, in which the geometry of the circuit
and relevant magnetic characteristics are illustrated.
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(b) Magnetic eld intensity
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(c) Magnetic stream function




















Figure 3.2: Pre-reference case with virtual coils
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The eective coil current intensity, NI, is the parameter that, for given geometry,
yields a certain magnetic eld. Therefore, if coil feasibility is disregarded, current
intensity and number of wire turns are irrelevant provided their product is the
adequate.
To obtain the previous case, a current of 1 A is used for all active elements, and
the number of turns of each is adjusted as necessary to produce the desired eld.
Then, it should be noted that the coils' number of turns are infeasible given their
geometry. In other words, a real wire with the number of turns required would not
t in the cross-sectional area of the coils in Fig. 3.2a. As an example, the inner
coil in the case above is formed with a magnet wire 1.02 mm in diameter wrapped
around 23500 times, thence occupying an azimuthal section of  24000 mm2 (actu-
ally greater due to unideal wire packing) whereas the modelled cross-sectional area
is 400 mm2. Still, the simulation is possible counting on the fact that FEMM is able
to model any coil, regardless of the number of turns, by using equivalent distribu-
tions.
With the aim of achieving a meaningful (and further realistic) reference case,
a parametric study of coil design will be performed. Given that the previous case
is impractical towards a design and manufacturing process, a detailed description
of geometry and properties of all elements in the circuit will be given only for the
adequate reference case, which is to be developed after the coil analysis.
3.3 Coil design
The fundamental objective of the study is to nd the appropriate parameters that
a coil must have to satisfy geometric, mass, power and magnetic eld intensity
requirements.
3.3.1 General guidelines
In the rst place, the cross-sectional (azimuthal) area of the coil, which will be
denoted A, must accommodate the entire wrapping, with wire diameter d, apart
from tting in the space available in the thruster. Therefore, in a coil with axial
span L and radial span D, each wire turn would ideally occupy a section area d2, as
illustrated in Fig. 3.3.
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Figure 3.3: Schematic of ideal wire wrapping in the azimuthal section of a coil
Nonetheless, as the wire circles around the core of the coil, it requires extra axial
spacing. Introducing a global packing factor f | evidently with f < 1 | that
accounts both for the winding and the extra diameter of the conductor wire from
the outer insulation, the number of turns N tting in the cross section of the coil
fulls




In the second place, wire \ampacity", i.e. the maximum electric current intensity
to be carried with no immediate or progressive degradation, is to be taken into
account.
The American Wire Gauge system will be used for convenience. Cables are iden-
tied with a number, the gauge (AWG), which determines their diameter through
the following formula [3]
d = 0:127  92(36 AWG)=39 [mm] (3.2)
which yields that a decrease of 6 in gauge entails essentially doubling the wire
diameter. Note that the outer insulation is not included in the former, but is taken
into account through the global packing factor f .
Wire ampacity is broadly documented for the AWG system. Considering copper
as conductor, plastic insulation and a solid wire (i.e. not stranded), the maximum
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current intensity Imax to be carried in function of wire diameter d is depicted in
Fig. 3.4 [3].
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Figure 3.4: AWG wire ampacity for power transmission. Source: [3]
From the gure above, Imax / d2 is inferred by least squares tting, which is
consistent with the fact that maximum current intensity is connected to heat ow
in the wire, which involves the cross-sectional area (/ d2).
It should be noted that the data above corresponds to power transmission at
an ambient temperature of 30 oC. In the end, ampacity depends on many factors,
thence the reason behind considering power transmission data, which is strongly
conservative, to allow for dierences between the above data and the actual operat-
ing conditions.
Mass eciency is a fundamental parameter to be considered. The impact of wire
diameter and number of turns on the weight of the coil is also relevant to analyse.
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The mass of the wire in the coil can be found from the material density, 
mwire = LwireAwire (3.3)
where the total length of the wire is approximated by Lwire  2RmN , being Rm
the mean radius of the coil, and Awire =

4
d2 is the cross-sectional area of the wire.
Finally, as in any engineering design process, the cost must be assessed and
minimised as much as possible. With regard to the coils in a magnetic circuit, the
power input Pmag is the parameter representing expense, and is fully determined by
the intensity passing through them and their characteristics.





where  is the electrical conductivity and, again, Lwire  2RmN , for a coil with N





The previous analysis is valid for any wire application. Henceforth, the analysis
will be particularised for the development of HET magnetic coils.
3.3.2 Parametric study for coils in a Hall thruster magnetic
circuit
Consider a coil to be formed by a wire with conductivity , with minimum radius
rmin, spanning a distance L axially and with the possibility of extending radially up
to a position rmax. Whilst the former parameter depends upon the wire material,
the other are given by the main dimensions of the thruster and the ferromagnetic
components. As a matter of fact, L will typically be the distance from the back
pole to the (either inner or outer) front pole and the limits frmin; rmaxg will be
determined by the geometry of the inner core or outer ux guide and by the position
of the magnetic screens or the discharge channel itself in the absence of the former.
Furthermore, to attain a certain magnetic eld, the eective coil current intensity
Ieff = NI is necessarily xed. Thence, the product of number of turns and amperage
(NI) becomes a constant in the analysis for a given element geometry.
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The purpose of the study is, therefore, to nd the combination of wire diameter,
number of turns and current intensity input fd;N; Ig fullling wire accommodation
in the coil section and maximum ampacity, in addition to minimising required power
or wire mass.
For each wire diameter in the AWG series it is possible to determine the minimum
radial span (as imposed by wire tting), the wire mass and the power used in function





where it is necessary that Dmin  D  rmax  rmin for the coil to t in the available
space in the thruster and to accommodate all the wire.






On the other hand, coil power can be expressed uniquely in function of d and N
by means of introducing the eective current intensity NI in eq. (3.5)






where Rm = rmin + Dmin=2. This is a relevant result. The dependency P / 1=N
indicates that it is desirable to use a high number of turns as far as cost is concerned,
which may be applicable to any coil design process. It should be noted that a radial
span greater than Dmin can be selected, so that the actual coil power and wire mass
would be higher; the minimum is used for closing the analysis.
Finally, the range of number of turns feasible for each wire diameter is dened
to full the aforementioned requirements. The minimum is determined from the





whereas the maximum is imposed by the space available for the coil in the thruster
Nmax (d) = fL (rmax   rmin) 1
d2
(3.10)
Note that the previous analysis will be applied to any magnetic circuit included
in the present thesis, thus implementing feasible coils in any case.
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3.4 Reference case
It is now possible to apply the parametric study to attain an adequate reference
case, with coils feasible to be manufactured.
The data of the three coils in the former circuit required for the analysis are
summarised in Table 3.1. A winding factor of f = 0:8 will be assumed hence-
forth in any coil design. Furthermore, electrical conductivity should be accounted
for. Considering gauges 10-36 of AWG copper wire (since these are the only wires
from the AWG series included in FEMM) operating at an assumed temperature of
500 K, the conductivity is  = 32:36  106 S=m [18]. The estimation is based upon
tested coil temperatures in an SPT-100 ML thruster at a plasma discharge of 300
W, which are around 490 K for the inner coil and around 470 K for the external
ones [19], thence being slightly conservative. This value will be used in all cases.
Finally, copper density needs to be considered,  = 8960 kg=m3.
Note that the appropriate design will be shown only for the inner coil, which is
the most critical given its huge eective current intensity. However, the process is




Axial span, L [mm] 40
Radial span, D [mm] 10
Minimum radial position, rmin [mm] 4
Maximum radial position, rmax [mm] 27
Eective current intensity, NI [A] 23500
Wire gauge (diameter), AWG (d [mm]) 18 (1.02)
(Virtual) inner-outer
Axial span, L [mm] 40
Radial span, D [mm] 5
Minimum radial position, rmin [mm] 73
Maximum radial position, rmax [mm] 78
Eective current intensity, NI [A] 300
Wire gauge (diameter), AWG (d [mm]) 18 (1.02)
(Virtual) outer-outer
Axial span, L [mm] 40
Radial span, D [mm] 5
Minimum radial position, rmin [mm] 82
Maximum radial position, rmax [mm] 85
Eective current intensity, NI [A] 625
Wire gauge (diameter), AWG (d [mm]) 18 (1.02)
Table 3.1: Coil parameters in virtual reference case
The analysis of the inner coil as described in Sec. 3.3.2 leads to the conclusion
that it is not possible to design it to full the requirements with the specied NI.
The reason behind this is that the maximum ampacity constraint (3.9) imposes a
minimum winding Nmin which is larger than the maximum number of turns Nmax
tting in the coil (3.10) for any wire diameter. This is clearly observed in Fig. 3.5,
in which restrictions on number of turns against wire gauge are represented.
Therefore, in other words, it is found that the combination of parameters used
(those of the inner coil in Table 3.1) is infeasible, given that maximum ampacity
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and wire accommodation constraints cannot be accomplished simultaneously given
the huge eective coil current intensity.






Figure 3.5: Maximum and minimum number of turns in function of wire gauge for the
(virtual) inner coil with NI = 23500 A
From the analysis, it is determined that, with the aim of attaining a reference case
with feasible-to-build coils, it is necessary to reduce the eective current intensity.
This parameter is obtained through the magnetostatic simulation process previously
performed, reaching a certain value as needed to produce the desired eld.
The magnetic characteristics required for the reference case are shown in
Fig. 3.2. Diminishing NI of the inner coil alongside no other modication will
clearly reduce the eld intensity jBj and deform the magnetic streamlines. There-
fore, the solution will consist in extending radially the inner (ferromagnetic) core
and the coil itself at the same time to make up for the drop in eective current
intensity. Through this approach, increasing the outer radius of the ferromagnetic
part from 4 to 9 mm and the radial span of the coil from 10 to 15 mm, it is possible
to scale the parameter down from 23,500 to only NI = 500, a 97.9% reduction. The
new geometry is shown in Fig. 3.6.
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Figure 3.6: Pre-reference case geometry with virtual coils (inner core and inner coil mod-
ied toward feasibility)
The previous case is accomplished using still AWG 18 wires, with no regard to
coil feasibility. However, it should be noticed that only the eective current intensity
matters as far as the resulting magnetic eld is concerned, rendering the simulation
valid for any combination of the variables fd;N; Ig as long as the former remains
unchanged. The new data of the inner coil appears in Table 3.2 (as aforementioned,
the analysis will be shown only for the inner coil, although the denitive reference




Axial span, L [mm] 40
Radial span, D [mm] 15
Minimum radial position, rmin [mm] 9
Maximum radial position, rmax [mm] 27
Eective current intensity, NI [A] 500
Table 3.2: Inner coil parameters after eective current intensity reduction
On account of the previous decrease in NI, it is possible to repeat the parametric
study for the coils with meaningful results. With regard to the inner coil, the analysis
results in Fig. 3.8. Note that winding constraints (3.9), (3.10) can be fullled now
at the same time, as demonstrated in Fig. 3.7. The diagrams obtained allow for the
selection of a design point (the adequate combination of coil parameters fd;N; Ig),
accomplishing all requirements and rendering the coil feasible to be manufactured
and implemented into a real magnetic circuit.
Note that the range of input power in the diagram (Fig. 3.8c) is considerably
narrow, so that cost minimisation is not a strong requirement. By inspection of
Fig. 3.8a, deciding on the AWG 34 wire, the number of turns is conservatively
selected for the minimum radial span to be roughly 1 mm smaller than the value
used in the simulation (15 mm as shown in Table 3.2), therefore fullling D > Dmin.
In other words, the coil is opted to be designed with
AWG = 34 (d = 0:16 mm) ; N = 17500
for which
D = 15mm > Dmin  14mm ; I = 500
17500
= 0:0286A ; mwire  0:318 kg ; P  2:2W
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Figure 3.7: Maximum and minimum number of turns in function of wire gauge for the
inner coil with NI = 500 A
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(a) Minimum radial span
























Figure 3.8: Parametric study of the inner coil in modied pre-reference case with NI = 500
Repeating the analysis for the outer coils (and thence implementing any neces-
sary modication to full coil requirements) allows achieving a reference case for
posterior simulations taking coil feasibility into account. It should be noted that
nding an appropriate magnetic circuit with feasible-to-build coils is an iterative
process. To accomplish this, it is generally necessary to follow a trial-and-error
method, given that the parameters inuencing the magnetic eld | eective coil
intensity and radial span | strongly inuence the coil design study at the same
time, rendering the problem coupled. It is possible to take advantage of the capabil-
ities of the tool developed to launch batches of simulations modifying the mentioned
parameters to attain a feasible case.
The resulting magnetic circuit, of which all parameters are shown by element
in Table 3.3 (1)(2), produces the magnetic eld displayed in Fig. 3.9. Furthermore,
the power input to the circuit, as computed from post-processing (see Sec. 2.5.3),
(1)The reference frame is placed at the mean line of the discharge channel with z = 0 lying at the
axially-outermost position, so that all elements are located at negative axial coordinates.
(2)Negative values in current intensity are used to indicate ow of electricity in the opposite direc-
tion.
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is found to be
Pmag = 34:57 W





Axial span, z [mm] 25
Radial span, r [mm] 15
Minimum axial position, zmin [mm] -25
Minimum radial position, rmin [mm] 35
Inner coil
Axial span, z [mm] 40
Radial span, r [mm] 15
Minimum axial position, zmin [mm] -48
Minimum radial position, rmin [mm] 9
Eective current intensity, NI [A] 500
Number of turns, N 17500
Current intensity, I [A] 0.0286
Wire gauge (diameter), AWG (d [mm]) 34 (0.16)
Inner-outer coil
Axial span, z [mm] 40
Radial span, r [mm] 7
Minimum axial position, zmin [mm] -48
Minimum radial position, rmin [mm] 65
Eective current intensity, NI [A] 300
Number of turns, N 6250
Current intensity, I [A] 0.048
Wire gauge (diameter), AWG (d [mm]) 34 (0.16)
Outer-outer coil
Axial span, z [mm] 40
Radial span, r [mm] 7
Minimum axial position, zmin [mm] -48
Minimum radial position, rmin [mm] 78
Eective current intensity, NI [A] -500
Number of turns, N 335
Current intensity, I [A] -1.4925
Wire gauge (diameter), AWG (d [mm]) 20 (0.81)
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Inner front pole
Axial span, z [mm] 6
Radial span, r [mm] 28
Minimum axial position, zmin [mm] -8
Minimum radial position, rmin [mm] 0
Material Pure iron
Outer front pole
Axial span, z [mm] 6
Radial span, r [mm] 28
Minimum axial position, zmin [mm] -8
Minimum radial position, rmin [mm] 57
Material Pure iron
Back pole
Axial span, z [mm] 6
Radial span, r [mm] 85
Minimum axial position, zmin [mm] -54
Minimum radial position, rmin [mm] 0
Material Pure iron
Inner core
Axial span, z [mm] 40
Radial span, r [mm] 9
Minimum axial position, zmin [mm] -48
Minimum radial position, rmin [mm] 0
Material Pure iron
Outer core
Axial span, z [mm] 40
Radial span, r [mm] 6
Minimum axial position, zmin [mm] -48




Axial span, z [mm] 22
Radial span, r [mm] 1
Minimum axial position, zmin [mm] -48
Minimum radial position, rmin [mm] 29
Material Pure iron
Outer screen
Axial span, z [mm] 20
Radial span, r [mm] 1
Minimum axial position, zmin [mm] -48
Minimum radial position, rmin [mm] 60
Material Pure iron
Table 3.3: Magnetic elements and parameters in reference case
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(b) Magnetic eld intensity
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(c) Magnetic stream function




















Figure 3.9: Reference case (denitive)
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On the basis of a denitive reference case with coils designed to be feasible to
be manufactured and used under the required operating conditions, it is possible to
start the pursuit of achieving particular magnetic topographies and to run batches
of simulations.
3.5 Singular-point topography
A magnetic eld presenting a singularity (jBj = 0) at a point within the discharge
channel is an expected conguration in dierent types of thrusters.
Certain designs include the singular point on purpose, claiming that it helps
towards the improvement of the current intensity of the thruster, but this eect is
yet to be explored. In addition, it has been found that this conguration tends
to reduce wall erosion and low-frequency current oscillations, therefore attaining a
better performance [20]. On the other hand, in a number of cases, it may simply
appear consequent to the magnetic circuit implemented. For instance, helicon or
ECR thrusters, in which there is no anode, commonly present a singularity at the
rear, given that a permanent magnet is used to magnetically shield the end of the
channel.
On account of the aforementioned, it is a necessary asset to have the capability
of simulating this topography, as the author's code may be used along with the
HYPHEN platform. Producing such magnetic eld is relevant both regarding the
attainment of the corresponding magnetic circuit and the ability to simulate the
physics of the plasma under this eld.
Hereunder, two dierent strategies to achieve the singular-point topography will
be put forward.
3.5.1 Open circuit approach
In the rst place, it is possible to attain a singularity mainly by means of the deletion
of the back pole, thus implying a non-closed ferromagnetic casing.
The mentioned feature is advantageous from the perspective of weight saving.
Nonetheless, with the aim of producing a similar magnetic eld intensity at the dis-
charge, it clearly imposes the need of higher eective coil current intensities as the
ferromagnetic part is open, therefore requiring a larger power input. Furthermore,
the resulting circuit geometry may result impractical.
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To generate the topography, a new magnetic circuit is built on the basis of the
reference case (Fig. 3.9). From all the elements in the new circuit, the parameters
that dier from the reference case (Table 3.3) are collected in Table 3.4(3)(4).
(3)The reference frame is placed at the mean line of the discharge channel with z = 0 lying at the
axially-outermost position, so that all elements are located at negative axial coordinates.





Axial span, z [mm] 50
Radial span, r [mm] 20
Minimum axial position, zmin [mm] -53
Eective current intensity, NI [A] 1800
Number of turns, N 1200
Current intensity, I [A] 1.5
Wire gauge (diameter), AWG (d [mm]) 20 (0.81)
Inner-outer coil
Axial span, z [mm] 50
Radial span, r [mm] 10
Minimum axial position, zmin [mm] -53
Minimum radial position, rmin [mm] 59
Eective current intensity, NI [A] 750
Number of turns, N 15000
Current intensity, I [A] 0.0467
Outer-outer coil
Axial span, z [mm] 50
Radial span, r [mm] 10
Minimum axial position, zmin [mm] -53
Minimum radial position, rmin [mm] 75
Eective current intensity, NI [A] -700
Number of turns, N 14750
Current intensity, I [A] -0.0475
Wire gauge (diameter), AWG (d [mm]) 34 (0.16)
Inner front pole
Axial span, z [mm] 3
Radial span, r [mm] 31
Minimum axial position, zmin [mm] -3
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Outer front pole
Axial span, z [mm] 3
Radial span, r [mm] 31
Minimum axial position, zmin [mm] -3
Minimum radial position, rmin [mm] 54
Inner core
Axial span, z [mm] 50
Minimum axial position, zmin [mm] -53
Outer core
Axial span, z [mm] 50
Minimum axial position, zmin [mm] -53
Minimum radial position, rmin [mm] 69
Table 3.4: Magnetic elements and parameters dierent from the reference case in singular-
point topography (open circuit approach)
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(b) Magnetic eld intensity
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(c) Magnetic stream function




















Figure 3.10: Singular point-topography (open circuit approach)
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In accordance with the aforementioned, no ferromagnetic back pole is included (note
that, for the purpose of manufacturability, a non-ferromagnetic back pole may be
used). In addition, it is necessary to exclude the magnetic screens from the circuit.
Note that the length of the thruster and the radial span of the active elements
are increased with respect to the reference case to full coil design requirements
(feasibility).
As aforementioned, the power input to the circuit is notably higher. Computed
from post-processing (see Sec. 2.5.3), it is found to be
Pmag = 67:95 W
approximately twice as that required by the reference circuit, for a similar eld
intensity.
3.5.2 Trim magnet approach
It is further possible to attain the singular-point topography by means of the addition
of a permanent magnet at the rear part, as it is typically done in ECR and helicon
thrusters (or using a trim coil with the same eect) [21], between the anode and the
back pole in the case of a Hall one. The magnetic eld generated by the magnet is
able to cancel out the contributions of the active elements, producing a singularity
in the discharge channel.
Including a neodymium-iron-boron magnet in the reference circuit, with the
properties detailed in Table 3.5(5), results in the topography observed in Fig. 3.11.
Note that it is necessary to increase slightly the eective current intensity of the
inner-outer coil to maintain radial symmetry with respect to the mean line of the
channel. The corresponding power input to the circuit is roughly that of the reference
case (Pmag = 34:54 W ).
(5)The reference frame is placed at the mean line of the discharge channel with z = 0 lying at the




Eective current intensity, NI [A] 325
Number of turns, N 7500
Current intensity, I [A] 0.0433
Trim magnet
Axial span, z [mm] 40
Radial span, r [mm] 15
Minimum axial position, zmin [mm] -42
Minimum radial position, rmin [mm] 35
Magnet type NdFeB 32 MGOe
Table 3.5: Magnetic elements and parameters dierent from the reference case in singular-
point topography (trim magnet approach)
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(b) Magnetic eld intensity
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(c) Magnetic stream function




















Figure 3.11: Singular point-topography (trim magnet approach)
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3.6 Magnetic shielding
3.6.1 Denition and justication
Within ERS, the concept of magnetic shielding (MS) consists in the implementation
of a magnetic topography which aims at protecting the ceramic walls of the discharge
channel from erosion.
The magnetic streamlines inside the channel in this conguration are strongly
concave in the axial direction, ideally parallel to the walls. Theoretically, the poten-
tial at them is close to the anode potential and electron temperature along the lines
is therefore relatively small [16]. Ultimately, the plasma-wall interaction is reduced.
Mikellides et al. conclude a decrease of ion ux to the walls in around one
order of magnitude with respect to a non-shielded conguration [22]. Nonetheless,
on the basis of theoretical ion bombardment erosion models, it is found that the
main mechanism responsible for erosion reduction in MS may not be the magnetic
topography itself but the downstream shift of the acceleration region [17], which is
consequent to the MS conguration.
On the other hand, the lines close to the exit of the channel are concave in MS.
This is known as plasma lensing, and is supposed to improve eciency by decreasing
plume divergence. As a matter of fact, Perez Grande et al. assert that this feature
must be present in the topography of the thruster to avoid a trade-o between
performance degradation and erosion reduction [17].
Examples of thrusters taking advantage of the MS conguration are H6MS,
NASA 300-MS, MaSMi and NASA-173Mv1. The magnetic topography of the latter
is shown in Fig. 3.12 as an illustration.
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Figure 3.12: Magnetic eld topography of the NASA-173Mv1. Source: [2]
3.6.2 Topography attained
Backed up by several simulations of dierent magnetic circuits, it is found that mag-
netic screens play an essential role towards the achievement of MS. The magnetic
topography inside the discharge channel is very sensitive to changes in screen pa-
rameters. These elements are able to \push" the magnetic lines to curve them into
the concave shape sought.
To demonstrate the capabilities of the author's tool and to show the evolution of
the magnetic circuit towards MS, a simultaneous batch of intermediate geometries
between the reference case and the MS topography is performed (see Fig. 3.13).
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(b) Magnetic stream function


























(d) Magnetic stream function


























(f) Magnetic stream function
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(h) Magnetic stream function






























(j) Magnetic stream function






















(l) Magnetic stream function
Figure 3.13: Evolution of the magnetic circuit from the reference case to the MS topogra-
phy: geometry (left) and magnetic streamlines in the discharge channel (right)
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Complete magnetic characteristics of the MS topography attained are shown in
Fig. 3.14 and Fig. 3.15, of which all elements and parameters modied with respect
to the reference case are displayed in Table 3.6(6)(7). Note that, to maintain the max-
imum eld intensity in the channel, the required power input is necessarily larger
than in the reference case. Computed through the simulation it is Pmag = 58:46 W .
With regard to shaping the magnetic lines to attain a MS topography, the funda-
mental step, as aforementioned, is the rise in screen dimensions. The axial extension
of these elements causes the streamlines to bend as desired. On the other hand,
changes in radial span are required to maintain the radial symmetry with respect to
the mean line of the channel; the inner screen needs to be thicker since it is radially
inward, thence possessing a smaller ferromagnetic volume in 3D than the outer one.
Modications of parameters of active elements in Table 3.6 are simply introduced
to full coil feasibility requirements.
All remaining changes, in addition to radial span dierences in screens, are re-
sponsible for keeping the channel mean-line radial symmetry.
(6)The reference frame is placed at the mean line of the discharge channel with z = 0 lying at the
axially-outermost position, so that all elements are located at negative axial coordinates.





Axial span, z [mm] 59
Minimum axial position, zmin [mm] -63
Eective current intensity, NI [A] 1250
Number of turns, N 41000
Current intensity, I [A] 0.0305
Wire gauge (diameter), AWG (d [mm]) 36 (0.13)
Inner-outer coil
Axial span, z [mm] 54
Radial span, r [mm] 9
Minimum axial position, zmin [mm] -63
Minimum radial position, rmin [mm] 61
Eective current intensity, NI [A] 475
Number of turns, N 21400
Current intensity, I [A] 0.0222
Wire gauge (diameter), AWG (d [mm]) 36 (0.13)
Outer-outer coil
Axial span, z [mm] 54
Radial span, r [mm] 9
Minimum axial position, zmin [mm] -63
Minimum radial position, rmin [mm] 76
Eective current intensity, NI [A] -850
Number of turns, N 570
Current intensity, I [A] -1.4912
Inner front pole
Axial span, z [mm] 4
Minimum axial position, zmin [mm] -4
Outer front pole
Axial span, z [mm] 4
Minimum axial position, zmin [mm] -9
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Back pole Minimum axial position, zmin [mm] -69
Inner core
Axial span, z [mm] 59
Minimum axial position, zmin [mm] -63
Outer core
Axial span, z [mm] 54
Minimum axial position, zmin [mm] -63
Minimum radial position, rmin [mm] 70
Inner screen
Axial span, z [mm] 53
Radial span, r [mm] 3.5
Minimum axial position, zmin [mm] -63
Minimum radial position, rmin [mm] 27.5
Outer screen
Axial span, z [mm] 53.5
Radial span, r [mm] 1.4
Minimum axial position, zmin [mm] -63
Minimum radial position, rmin [mm] 53
Table 3.6: Magnetic elements and parameters dierent from the reference case in magnetic
shielding topography
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(b) Magnetic eld intensity
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(c) Magnetic stream function




















Figure 3.14: Magnetic shielding topography
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Figure 3.15: Magnetic streamlines in the discharge channel in MS topography
It is worth noting that an exhaustive iterative process was required to obtain
the MS topography while maintaining a reasonable eld intensity and fullling all
coil requirements. To attain a better wall shielding (streamlines parallel to channel)
and magnetic lensing (stronger bending in streamlines at the exit of the channel),
it is necessary to extend the screens axially, but this simultaneously causes the
magnetic eld intensity to drop, as can be observed by comparison of Fig. 3.9b and
Fig. 3.14b. Therefore, it is concluded that having lines practically parallel to walls
inside the channel with a strong magnetic lensing at the exit may result inecient
if the corresponding strength of the magnetic eld is extremely low, as will typically
occur. For this reason, a trade-o between eld intensity and the shape of the
streamlines is needed, as it is the case in the topography achieved.
Whilst it may seem evident that the magnetic eld intensity of a shielding topog-
raphy can be ever increased by raising the dierent eective coil current intensities,
the opposite is true. In the rst place, reaching high NI will probably render the
active elements infeasible to be manufactured. On the other hand, even if eective
current could be raised largely, the impact on magnetic eld intensity in the channel
might be very small (especially close to the anode) provided the length of the screens
is not reduced, given that the latter shield the channel. Furthermore, it should be
noted that the required power input grows with the square of the eective current
(3.8). In the end, a slight increase in eld intensity may require a notable rise of
coils' NI, which implies a large amount of additional power.
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3.7 Design of a low-power Hall thruster
To conclude the studies on HETs, a small, low-power thruster will be designed on
the basis of the SPT-100. The main parameters of the device will be computed
by means of scaling laws, and, afterwards, the magnetic circuit will be designed
accordingly.
3.7.1 Thruster sizing
Thanks to scaling laws, it is possible to attain relevant parameters of a thruster with
a certain goal discharge power by sizing it down from data of a similar thruster (in
this case larger and discharging at a higher power).
Within this strategy, the radial scaling [23] will be used to design a HET with
discharge power Pd = 200 W . The central idea is to attempt at maintaining the
conditions of the plasma in the channel, i.e. density and temperature, with respect
to the base thruster. In this line, the discharge voltage is kept constant while
modifying the gas ow to control discharge power. Axial geometric parameters
remain unchanged as well; the density of the plasma is conserved by changing those
radial.
In accordance with this approach, input discharge variables (discharge voltage,
maximum magnetic eld intensity, channel length, thruster length, anode mass ow,
channel width, channel mean radius, thruster radius) are related to Pd by the fol-
lowing laws, respectively
Vd; Bmax; Lc; Lt = const ; _ma / Pd ; hc; rc; Rt / P 1=2d (3.11)
whereas output discharge parameters (specic impulse, power input to magnetic
circuit, plasma-wall interaction power loss, discharge current, thrust) accordingly
full
Isp / const ; Pmag / P 1=6d ; Pwall / P 1=2d ; Id; F / Pd (3.12)
Therefore, the ratio of scaled thruster to the SPT-100 of any parameter , , is











The process applies for any parameter above.
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Pd + Pk + Pmag
(3.15)
are the cathode and electrical utilisation eciencies, respectively. Note that the
cathode keeper power, Pk is commonly null during operation [4], Pk  0.
The cathode eciency is opted to be similar in the scaled thruster,
c;scaled = c;SPT 100, and the electrical utilisation eciency can be computed with
Pd;scaled and Pmag;scaled from scaling laws, thence giving the total thruster eciency.
Data of the SPT-100 is gathered from [17], [24], [25] in Table 3.7, from which
it is possible to obtain the corresponding parameters for the scaled-down thruster
(shown in Table 3.8).
Parameter Value
Discharge power, Pd [W] 1500
Discharge voltage, Vd [V] 300
Discharge current, Id [A] 5
Anode mass ow, _ma [mg/s] 5.62
Cathode mass ow, _mc [mg/s] 0.5
Channel length, Lc [mm] 25
Channel width, hc [mm] 15
Channel mean radius, rc [mm] 42.5
Thruster length, Lt [mm] 50
Thruster radius, Rt [mm] 80
Maximum magnetic eld intensity (channel), Bmax [G] 250
Power input to magnetic circuit, Pmag [W] 34.6
Plasma-wall interaction power loss, Pwall [W] 225
Specic impulse, Isp [s] 1590
Thrust, F [mN] 95.4
Thruster eciency, T 0.496
Table 3.7: SPT-100 data
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Parameter Value
Discharge power, Pd [W] 200
Discharge voltage, Vd [V] 300
Discharge current, Id [A] 0.67
Anode mass ow, _ma [mg/s] 0.75
Channel length, Lc [mm] 25
Channel width, hc [mm] 5.5
Channel mean radius, rc [mm] 15.5
Thruster length, Lt [mm] 50
Thruster radius, Rt [mm] 29.2
Maximum magnetic eld intensity (channel), Bmax [G] 250
Power input to magnetic circuit, Pmag [W] 28.2
Plasma-wall interaction power loss, Pwall [W] 82.2
Specic impulse, Isp [s] 1590
Thrust, F [mN] 12.7
Thruster eciency, T 0.434
Table 3.8: Scaled-down low-power Hall thruster parameters
3.7.2 Magnetic circuit
Given the parameters of the scaled thruster, collected in Table 3.8, it is possible to
design a magnetic circuit complying with them. Therefore, the objective is to attain
a combination of elements and properties that produce Bmax  250 G in the mean
line of the new channel with a required power input of Pmag = 28:2 W (or less).
From the previous sizing, thruster and channel dimensions are known. For the
purpose of attaining a magnetic topology akin to that of the reference case (which is
in fact similar to the SPT-100, from which scaling-down is performed), the strategy
to follow is in accordance with the radial approach. All parameters related to radial
coordinates will follow the identical law used for scaling the thruster and mean-line
channel radii (3.11), that is
(i) / P 1=2d (3.16)
for any element i in the circuit, and where  represents any of rmin, r. There-
fore, using ratios of parameters as previously, and accounting for the dierence
in thruster radius between the reference case and the SPT-100 (Rt;ref = 85 mm,
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On the other hand, in consistency with the radial scaling method, axial param-
eters will remain essentially unchanged with respect to the reference case
(i)  const (3.18)
for any element i in the circuit, and where  represents any of zmin, z. A pos-
itive axial oset of 4 mm is introduced to the appropriate elements given that
Lt;ref = 54 mm, Lt;SPT 100 = 50 mm.
The resulting magnetic circuit and characteristics are displayed in Fig. 3.16. For
the scaled thruster, it is necessary a power input of Pmag = 6:3 W , which is notably
lower than the value expected from the radial scaling (28.2 W), partially justied
by the coil parametric study.
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(b) Magnetic eld intensity
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(c) Magnetic stream function

















4.1 Thesis elaboration budget
Given that the present project is fundamentally theoretical, there is no cost associ-
ated to materials or experimental activities. The economic sources contributing to
the elaboration budget are
 Software and licenses acquisition, Csw
 Computer amortisation, APC
 Engineering cost (wage), Ceng
The total cost for elaborating the thesis is, thence
CT = Csw + APC + Ceng (4.1)
In the rst place, the cost related to software will be addressed. As mentioned in
Chap. 2, the FEMM solver is open-source. Therefore, it is only necessary to account
for the MATLAB license. The price for the version used, MATLAB R2016b amounts
for the total software cost, and can vary depending upon the toolboxes included. A
student license with the necessary packages accounts for
Csw = 69 ¤
On the other hand, amortisation of the laptop used can be computed from its
original price, PPC = 269 ¤. With an estimated lifetime tPC;life of 6 years, assuming
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it will not be sold afterwards and noting that the elaboration of the thesis spanned






6 years  12 months=year = 22:4¤
Finally, the engineering cost can be obtained considering the time investment
on the elaboration of the project, tth;elab = 430 h, and assuming an undergraduate
engineer wage of Weng = 10 ¤=h
Ceng = Wengtth;elab = 4300 ¤
Therefore, the total cost of the project is (4.1)
CT = 4391:4 ¤
4.2 Socio-economic impact of the project
The repercussion of this thesis is essentially on research activities related to plasma
thrusters. Possible scenarios include the social and/or economic outcome corre-
sponding to the development of scientic papers, thruster prototypes, etc., whose
detailed estimation is a priori unpredictable. As aforementioned in Sec. 2.5.4, the
tool developed may become part of or be used along with HYPHEN, thus having





Throughout the present project, insight into the eect of the dierent elements in
a magnetic circuit has been provided. The parametric study on coil parameters
renders the design of the magnetic circuit a process oriented towards element man-
ufacturability and power-mass optimisation.
Design and modelling of relevant magnetic topographies was performed. Thanks
to the tool developed and the FEMM solver, it was possible to carry out several
simulations in short periods of time, allowing for the launching of batches and the
use of the trial-and-error method.
On the other hand, an SPT-100-like Hall thruster was developed through the use
of radial scaling laws. This approach allows to eectively size a new thruster from
an existing one in a simple fashion.
In conclusion, it has been possible to develop a versatile magnetostatics simu-
lation tool for axisymmetric thrusters with the capability to attain the magnetic
characteristics of a given circuit, and with the possibility of working with a physics
code for the purpose of simulating plasma thrusters. The coil design parametric
study included in the code allows to decide on mass or power optimisation, or a
trade-o between them, according to the needs of the user. Furthermore, given the
inverse nature of the thruster problem, the use of the tool alongside an automatised
magnetic mesher could allow for launching batches of simulations to adjust the nal
design of the device and observing the real eect of the topography on the eciency
of the thruster.
Building on the basis of the present thesis, additional future work may include
the transition from the 2D axisymmetric model used throughout the project to a real
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